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ABSTRACT
Our Galactic center contains young stars, including the few million year old clockwise disk between
0.05 and 0.5 pc from the Galactic center, and the S-star cluster of B-type stars at a galactocentric
distance of ∼0.01 pc. Recent observations suggest the S-stars are remnants of tidally disrupted binaries
from the clockwise disk. In particular, Koposov et al. (2020) discovered a hypervelocity star that was
ejected from the Galactic center 5 Myr ago, with a velocity vector consistent with the disk. We perform
a detailed study of this binary disruption scenario. First, we quantify the plausible range of binary
semimajor axes in the disk. Dynamical evaporation of such binaries is dominated by other disk stars
rather than by the isotropic stellar population. For the expected range of semimajor axes in the disk,
binary tidal disruptions can reproduce the observed S-star semimajor axis distribution. Reproducing
the observed thermal eccentricity distribution of the S-stars requires an additional relaxation process.
The flight time of the Koposov star suggests that this process must be effective within 10 Myr. We
consider three possibilities: (i) scalar resonant relaxation from the observed isotropic star cluster, (ii)
torques from the clockwise disk, and (iii) an intermediate-mass black hole. We conclude that the
first and third mechanisms are fast enough to reproduce the observed S-star eccentricity distribution.
Finally, we show that the primary star from an unequal-mass binary would be deposited at larger
semimajor axes than the secondary, possibly explaining the dearth of O stars among the S-stars.
Keywords: Galaxy: center — binaries: general – hypervelocity stars
1. INTRODUCTION
The Galactic center contains a population of young
stars. This population includes a disk of O, B, and Wolf–
Rayet stars between 0.05 and 0.5 pc from the center
(the clockwise disk; Levin & Beloborodov 2003; Pau-
mard et al. 2006) as well as an isotropic cluster of B
stars at ∼ 0.01 pc (the S-stars; Gillessen et al. 2017).
The presence of young stars on these scales is a chal-
lenge for current theories of star formation, as strong
tidal forces would shred molecular clouds at the present
location of the clockwise disk (Ghez et al. 2003). One
proposed solution is that the disk stars formed from a
Toomre unstable gas accretion disk (Levin 2007). How-
ever, it is unlikely that this instability could extend to
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the present-day location of the S-stars (in particular, to
the present-day orbit of S2; Nayakshin & Cuadra 2005).
Instead, the S-stars may have migrated from larger
scales, either via interactions with a gas disk (Levin
2007), or via the Hills mechanism (Hills 1988; Ginsburg
& Loeb 2006; Perets et al. 2007; Lo¨ckmann et al. 2009;
Madigan et al. 2009; Dremova et al. 2019). In the lat-
ter case, binaries are scattered close to the central su-
permassive black hole (SMBH) and tidally disrupted.
One of the stars in the binary escapes at high velocity,
while the other remains bound to the central SMBH.
The bound stars can steepen the stellar density profile in
the Galactic center and enhance the rate of stellar tidal
disruption events and extreme mass ratio inspirals (Fra-
gione & Sari 2018; Sari & Fragione 2019). Binaries may
originate from large (∼> pc) scales (Perets et al. 2007),
disruption of a young star cluster (Fragione et al. 2017),
or from the clockwise disk itself (Madigan et al. 2009).
The latter scenario is particularly attractive, as recent
observations indicate that the age of the S-stars is con-
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sistent with the age of the clockwise disk (Habibi et al.
2017). Furthermore, a recently discovered hypervelocity
star also points to a disk origin for the S-stars (Koposov
et al. 2020). This star is noteworthy because, of all of
the known hypervelocity stars, it has the strongest case
for a Galactic center origin (see Figure 5 of Koposov
et al. 2020). This star has a velocity vector consistent
with the clockwise disk. Also, the flight time of this
star from the Galactic center (4.8 Myr) is comparable
to the disk’s age. While the evidence for a disk origin for
this star is not quite definitive, the most parsimonious
explanation for these observations is that some binaries
from the disk underwent disruptions a few million years
ago, which would have left a population similar to the
observed S-stars.
Other models for the origins of the S-stars include
compression and fragmentation of an outflowing spheri-
cal shell (Nayakshin & Zubovas 2018) and scattering of
binaries by stellar mass black holes (Trani et al. 2019).
However, neither of these models would account for the
observed hypervelocity star.
Within the Hills scenario, it is difficult to reproduce
the observed thermal eccentricity distribution of the S-
stars (Gillessen et al. 2017). The Hills mechanism would
place stars on highly eccentric orbits (e.g. Antonini &
Merritt 2013). Thus, a subsequent relaxation process
must be invoked to reproduce the observations.
In this paper, we revisit the viability of the Hills mech-
anism as a source of the S-stars. Motivated by the sim-
ilar ages of the disk and S-stars, we focus on the case
where the source binaries originate in the clockwise disk
as in Madigan et al. 2009. First, we quantify the plausi-
ble range of binary parameters within this disk, includ-
ing the effects of dynamical evaporation. We find that
the disk stars dominate this process, even though they
are less numerous than the old, isotropic population in
the Galactic center. We then simulate a large ensemble
of close encounters between disk binaries and the central
SMBH. Remnants from these encounters can account for
the semimajor axis distribution of the S-stars, but their
eccentricities are too high.
We consider three possible mechanisms that could re-
produce the observed S-star eccentricities: (i) scalar res-
onant relaxation (SRR) due to the surrounding isotropic
cluster, (ii) torques from the clockwise disk and (iii) an
intermediate-mass black hole (IMBH) near the S-stars.
SRR occurs in highly symmetric potential where long-
term correlations between stellar orbits lead to a build–
up of coherent torques that change the stars’ eccentric-
ity (Rauch & Tremaine 1996). Previous works (e.g. An-
tonini & Merritt 2013) find that the SRR timescale near
the S-stars can be as short as ∼ 107 years if the effects
of stellar mass black holes are included. Here we revisit
this estimate in light of new theoretical developments
in the theory of resonant relaxation. Specifically, we
use the formalism of Bar-Or & Fouvry (2018), who de-
rived diffusion coefficients for resonant relaxation from
the orbit-averaged Hamiltonian of a star in a spherically
symmetric star cluster. In agreement with Antonini &
Merritt (2013), we find that a realistic population of
stellar mass black holes can reproduce the eccentric-
ity distribution of the S-stars within 107 years. This
timescale is comparable to the ages of the S-stars and
flight time of the Koposov et al. (2020) star. We find
that torques from the clockwise disk are quenched by
general relativistic precession and would not be able to
reproduce the S-stars’ eccentricity distribution. Previ-
ously, IMBHs have been considered as a mechanism for
reproducing the orbital properties of the S-stars (Mer-
ritt et al. 2009), though this work did not consider stars
on highly eccentric orbits as would be expected from
the Hills mechanism. Here we show that an ∼ 103M
IMBH at ∼0.01 pc thermalizes the S-star orbits within
a few Myr, starting from an initial eccentricity that is
∼>0.97.
The remainder of this paper is organized as follows.
We review the disk instability that pushes binaries to
tidal disruption in § 2. In § 3 we discuss the plausi-
ble range of binary properties within the clockwise disk.
We then simulate a large number of close encounters be-
tween disk binaries and the Galactic center SMBH, as
summarized in § 4 and § 5. We explore various pro-
cesses that could reproduce the observed S-star eccen-
tricity distribution in § 6. Finally, we consider other
consequences of tidal encounters between binaries and
SMBHs in § 7.
2. ECCENTRIC DISK INSTABILITY
If the clockwise disk started as a high-eccentricity
(e ∼> 0.6), lopsided structure, some of its stars and bi-
naries could have been excited to nearly radial orbits
and tidally disrupted as described in Madigan et al.
(2009). Briefly, stars in the disk precess retrograde to
their orbital angular momenta due to the influence of
the surrounding star cluster (Madigan et al. 2011; Mer-
ritt 2013). Stars with higher eccentricities precess more
slowly and end up behind the bulk of the disk, which
then torques them to even higher eccentricities. Even-
tually, such stars (or binaries) may be tidally disrupted.
Bonnell & Rice (2008) and Mapelli et al. (2012) found
that such a lopsided, eccentric disk could arise from the
disruption of a molecular cloud in the Galactic center
(see, e.g. Figure 2 in the latter).
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To illustrate the development of this instability, we
perform N-body simulations of an eccentric, apsidally
aligned disk, closely following Madigan et al. (2009) for
our initial conditions. Specifically, we initialize a disk
with 100 point masses of 100M each (for a total disk
mass of 104M), orbiting a 4×106M SMBH. The disk
stars have semimajor axes between 0.05 pc and 0.5 pc
with an r−2 surface density profile like the clockwise
disk. All stars start with an initial eccentricity of 0.7
and nearly aligned eccentricity and angular momentum
vectors. The simulations also include the potential of
an r−1.5 stellar density profile, with 4× 106M of stars
within 4 pc.
We integrate the disk forward in time with the IAS15
integrator of the REBOUND N-body code (Rein & Liu
2012; Rein & Spiegel 2015).1 We also include an ap-
proximate treatment of general relativity (GR) effects
via REBOUNDX (Tamayo et al. 2020).2 Any particles that
pass within 3×10−4 pc of the central SMBH are recorded
as binary disruptions. In general, these stars are not re-
moved from the simulation to keep the disk potential as
constant as possible, but we only record one disruption
per particle.3
The top panel of Fig. 1 shows the initial orbits of
disk stars for a particular simulation, while the bottom
panel shows the disk orbits after ∼ 4 Myr. By this time,
the orbits are spread out and have a bimodal eccentric-
ity distribution, as shown in Fig. 2 (see also Madigan
et al. 2009; Gualandris et al. 2012). Bartko et al. (2009)
claimed detection of a bimodal eccentricity distribution
within the clockwise disk. However, subsequent work
has argued that these measurements are contaminated
by nondisk stars and favor a unimodal eccentricity dis-
tribution with a mean eccentricity of 0.27± 0.07 (Yelda
et al. 2014). The latter observation would disfavor the
eccentric disk scenario. However, caution is warranted in
interpreting these observations, as disk membership and
the observed disk eccentricities may be contaminated by
binary stars (Naoz et al. 2018).
Only a few percent of the particles in our simula-
tions undergo disruptions compared to ∼ 30 percent for
simulations with similar initial conditions in Madigan
et al. (2009). However, the total number of disruptions
is sensitive to the slope of the stellar density profile,
and the total mass of the disk. In particular, the disk
1 https://github.com/hannorein/rebound
2 Available at https://github.com/dtamayo/reboundx; We use
the “GR” effect.
3 We found it necessary to remove particles passing within 10
gravitational radii of the central black hole to avoid numerical
instability.
may have been more massive earlier in its history, when
gas was still present. Doubling the mass of the disk to
∼ 2 × 104M, and taking a flatter r−1.1 stellar density
profile (motivated by Scho¨del et al. 2018), increases the
disrupted fraction up to 17 ± 2 percent.
Fig. 3 shows binary disruptions occur promptly after
the disk forms. In particular, disruptions begin at a few
times the disk’s secular time, viz.
tsec =
M
Md
P, (1)
where M and Md are the SMBH and disk mass respec-
tively, and P is the orbital period. Here tsec ≈ 1−2×105
years at 0.05 pc (the inner edge of the clockwise disk).
We note that although our simulations have approxi-
mately an order of magnitude fewer stars than the real
disk, Madigan et al. (2018) found that the number of
disruptions in eccentric disk simulations depends weakly
on the number of particles. This is expected, because
the secular torques from the disk would not depend on
the number of stars it contains. We have also run some
simulations with 300 particles for 1.4 Myr and find a
similar disrupted fraction. For example, we find a dis-
rupted fraction of 14 ± 1% (17 ± 2%) for 300 (100) par-
ticle simulations with an r−1.1 stellar background and a
2× 104M disk.
Overall, these simulations show that an eccentric, ap-
sidally aligned disk can produce a large number of bi-
nary disruptions via a secular instability. In particular,
these simulations show the clockwise can reproduce the
observed number of S-stars (see § 5.2) soon after its for-
mation.
2.1. Full or empty loss cone?
In order to be tidally disrupted, a binary has to en-
ter into a loss cone of low angular momentum orbits
that pierce the tidal radius. Binaries can be in either
the empty or full loss cone regime. In the former case,
binaries would diffuse into the loss cone over many or-
bital periods. In the latter case, binaries can jump into
and out of the loss cone in a single orbital period. Here
we show that disk binaries are in the empty loss cone
regime.
The typical torque per unit mass from the disk is
τd ∼ GMd
ad
, (2)
where Md ≈ 104M is the disk mass and ad is a charac-
teristic semimajor axis for a disk orbit. The change in
angular momentum per orbit due to this torque is
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Figure 1. Top panel: initial orbits for an N-body simu-
lation of an eccentric, apsidally aligned disk in the Galactic
center. Bottom panel: The disk after 4 Myr of evolution,
after the eccentric disk instability has developed.
∆j = τdP (ad) ≡ Qjlc =⇒
Q =
2pi√
2
Mdisk
M
√
ad
rt
Q ≈ 0.27
(abin
1 au
)−1/2( ad
0.1 pc
)1/2(
m
20M
)1/6
(3)
where P (ad) is the orbital period and jlc is the loss cone
angular momentum (see also Wernke & Madigan 2019
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Figure 2. Bimodal eccentricity distribution of an evolved,
eccentric disk in the Galactic center. This distribution is
constructed by stacking the results of four different simula-
tions (like the one shown in Fig. 1). The initial eccentricity
distribution is a delta function at e = 0.7.
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Figure 3. Times when binaries are disrupted in our disk
simulations (t = 0 is the start of the simulation). The blue
filled histogram shows the distribution of disruption times for
simulations with a 2× 104M disk and an r−1.1 background
stellar density profile, while the black open histogram shows
the distribution of disruption times for simulations with a
104M disk and a r−1.5 stellar background. Binary disrup-
tions begin after a secular time (1 − 2 × 105 years). Each
distribution is constructed by stacking the results of four
different simulations.
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equation 12). Thus, disk binaries are typically in the
empty loss cone regime (Q < 1), and approach the tidal
radius gradually over several orbits.
3. GALACTIC CENTER BINARY POPULATION
An SMBH can tidally disrupt a binary into two stars.
The postdisruption orbits of these stars depend on the
initial properties (e.g. the semimajor axis and eccen-
tricity) of the binary. In this section, we quantify the
plausible range of binary properties of the young stellar
population in the clockwise disk in the Galactic center.
3.1. Binary dynamics
Binaries with a semimajor axis
abin > ahs =
Gm1m2
σ2 < m >
,
(4)
are soft and will evaporate over time. Here m1 and m2
are the masses of the primary and secondary star in the
binary, respectively; < m > and σ are the mean mass
and the velocity dispersion of the surrounding stellar
population. The timescale for evaporation is
tevap = 0.07
v212σ
G2n < m2 > ln Λ12
, (5)
where v12 is the (internal) orbital velocity of the binary,
< m2 > is the second moment of the stellar mass func-
tion, n is the stellar number density, and Λ12 ≈ 2σ2/v212
(see equation 3 of Alexander & Pfuhl 2014). From Equa-
tion (5), soft binaries at a galactocentric radius r with
abin > aevap = e
W (ta/t)
Gm
2σ2
(6)
ta =
0.14σ3
G2n < m2 >
, (7)
would have evaporated after time t. Here m is the total
mass of the binary and W is the Lambert W function.
Gravitational wave emission and finite stellar radii set
a lower limit on the binary semi-major axis. Within
time t, binaries with
abin < aGW =
[
5c5
256G3m3t
(1 + q)2
q
f(ebin)
]−1/4
(8)
f(e) =
(1− e2)7/2
1 + 7324e
2 + 3796e
4
(9)
would have coalesced. Here e and q are the binary ec-
centricity and mass ratio (see Peters 1964 equation 5.6).
Binaries with
abin(1− ebin) < aRoche
= max[R1/h(m1/m2), R2/h(m2/m1)]
h(q) =
0.49q2/3
0.6q2/3 + log(1 + q1/3)
, (10)
will experience Roche lobe overflow (Eggleton 1983).
Here m1 and m2 are the masses of the individual stars,
and R1 and R2 are their radii. We consider aroche to be a
lower limit to the binary separation. For the young stars
in the clockwise disk, aGW < aRoche, and gravitational
wave inspiral is unimportant.
Kozai–Lidov oscillations can also be important for bi-
naries in the Galactic center (Lidov 1962; Kozai 1962;
Antonini & Perets 2012; Prodan et al. 2015; Stephan
et al. 2016; Fragione & Antonini 2019). The quadrupole
Kozai–Lidov timescale at the inner edge of the clockwise
disk is
tKL = 2.1× 105yr
(
m
20M
)1/2 (abin
1au
)−3/2
. (11)
The octupole Kozai–Lidov timescale is (see the review
by Naoz 2016)
tKL,oct ≈ tKL

=
ad
abin
1− e2d
ed
tKL
≈104
(abin
1au
)−1 1− e2d
ed
tKL, (12)
where the subscript “d” denotes properties of the disk
binaries’ outer orbits, and in the third line we take
ad = 0.05 pc. Thus, tKL,oct is typically ∼> 109 years, and
octupole level effects can be neglected for the few mil-
lion years old disk stars. Therefore, Kozai–Lidov oscilla-
tions would only occur for highly inclined, wide binaries
(abin ∼> 1 AU) for which the precession timescale due to
GR is longer than the Kozai–Lidov timescale. We ex-
pect the disk binaries to have low inclinations (i.e. their
internal angular momentum is aligned with the angu-
lar momentum of their outer orbit around the SMBH).
Vector resonant relaxation may realign the outer or-
bits of binaries in the disk on ∼Myr timescales (Koc-
sis & Tremaine 2011). Nonetheless, the eccentric disk
instability is also quite fast and can produce binary dis-
ruptions on a similar timescale (see Fig. 3). Moreover,
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the binaries that are disrupted would be precisely those
with small inclinations, as secular torques from the disk
would be aligned with their angular momentum vectors
(Madigan et al. 2018; Foote et al. 2020).
3.2. The Galactic center
There are two populations that can perturb binaries
in the ∼ 4 Myr old (Lu et al. 2013) clockwise disk: (1)
the surrounding old, isotropic star cluster and (2) the
disk stars themselves.
To see which is more important, we compare the evap-
oration timescales of the two populations (Equation 5).
The disk stars will have a shorter evaporation timescale
and will dominate evaporation if
niso < m
2 >iso
σiso
≤ nd < m
2 >d
σd
, (13)
where subscripts “d” and “iso” indicate the disk and
isotropic populations respectively. Note that σd/σiso ≈
(H/r), where H is the scale height of the disk.
There are ∼1000 stars4 in the disk with an r−2 surface
density profile between ∼0.05 and ∼0.5 pc (Paumard
et al. 2006; Do et al. 2013). Thus,
nd ∼ 6.3× 104
(
H
r
)−1(
r
0.1pc
)−3
pc−3. (14)
For the observed M−1.7 (Lu et al. 2013) mass function
in the disk
< m2 >
1/2
d ≈ 11M. (15)
We assume that this mass function extends from 1 M
to 60 M (the main sequence turn-off mass for a 4 Myr
old stellar population).
The stellar density in the isotropic component can
be constrained by existing observations. For example,
Scho¨del et al. (2018) found that the stellar density is
∼ 1 − 2 × 105M pc−3 one parsec from the Galactic
Center with an r−1.13±0.03model±0.05sys profile. However,
the mean square mass will be a strong function of the
number of stellar mass black holes in the isotropic com-
ponent. We adopt the Fiducial×10 model from Genero-
zov et al. (2018) for the black hole density profile. The
black holes in this model are formed near the present day
clockwise disk. The present epoch is assumed to be typ-
ical, so ∼300 massive stars form every few million years,
4 This number is sensitive to the assumed lower bound of the
disk mass function. Here we assume 1M.
and become black holes and neutron stars. This model
approximately reproduces the observed stellar density
profile in the Galactic center, as well as the recently dis-
covered population of black hole X-ray binaries in the
central parsec (Hailey et al. 2018; Mori et al. 2019) via
tidal capture of main-sequence stars. This model implic-
itly assumes that the initial mass function in the disk is
truncated near 10M, which is problematic, as the hy-
pervelocity star observed by Koposov et al. (2020) is an
A-type star with a few solar masses. Nonetheless, the
black hole density profile in the Fiducial×10 model is
within a factor of a few of previous estimates on the
scales of interest, which assume that black holes and
low-mass stars form as a single population with a stan-
dard mass function (see the review by Alexander et al.
2017 and the references therein).
In the Fiducial×10 model
niso ≈ 5× 106
(
r
0.1 pc
)−1.5
pc−3 (16)
and
< m2 >
1/2
iso ≈ 7
(
r
0.1pc
)−0.3
M (17)
between 0.01 pc and 0.1 pc. The number density is dom-
inated by main sequence stars, but stellar mass black
holes dominate the two–body relaxation on these scales.
From equations (13) the disk stars dominate the evapo-
ration of binaries for disk aspect ratios
H
r
. 0.18
(
r
0.1 pc
)−0.45
. (18)
This inequality should be satisfied in the clockwise disk,
which has an observed H/r ≈ 0.1 (Paumard et al. 2006).
4. BINARY DISRUPTION ENSEMBLE
We simulate an ensemble of encounters between stellar
binaries and a 4 × 106M SMBH, where the binaries
pass near their tidal radius. The binary properties in
this ensemble are summarized in Table 1.
We draw the binary semimajor axis from a log-uniform
distribution. The maximum semimajor axis is set by
dynamical evaporation, while the minimum semimajor
axis is set by finite stellar radii and gravitational wave
emission. In particular, the semimajor axis distribution
extends from
amin = max [agw, aroche] (19)
to
amax = min [max [ahs, aevap] , 100 au] . (20)
The Hills mechanism and the S-stars 7
Table 1. Summary of Parameters for our Monte Carlo
Simulations of Binary–SMBH Encounters.
Parameter Distribution Lower Bound Upper Bound
abin a
−1
bin Equation 19 Equation 20
m1 m
−1.7
1 8M 15M
e 0, thermal 0 1
Note—The three rows are the binary semimajor axis, the
mass of each star, and the eccentricity. The mass ratio is
unity and the pericenter is the effective tidal radius (Equa-
tion 22).
100 101
m [M ]
10 2
10 1
100
101
a 
[a
u]
amin(e = 0)
amax
amin(e = 0.9)
q=1, r=0.1 pc, t=4 Myr
Figure 4. Minimum and maximum possible semi-major
axis as a function of mass for binaries within the clockwise
disk at a galactocentric distance of 0.1 pc. The stars in the
binary have equal masses (q = 1).
The semimajor axes on the right-hand side of the above
equations are defined in § 3.1 (see equations 4, 7, 9,
and 10). These quantities are functions of the binary
mass, mass ratio, and eccentricity. They also depend
on the galactocentric radius and the age of the bina-
ries. We evaluate amin and amax assuming 4 Myr old
stars at a galactocentric radius of 0.1 pc. Note we use
the disk properties (number density, velocity dispersion,
and mean square mass) to evaluate ahs and aevap. In
particular, we use equations (14) and (15) for the num-
ber density and mean squared mass respectively. The
velocity dispersion is
√
GM/r(H/r), H/r is the disk as-
pect ratio (0.1 here).
Fig. 4 shows the minimum and maximum semimajor
axes as function of binary mass for two different binary
eccentricities.
The stellar masses are drawn from the observed mass
function of the disk (Lu et al. 2013). As the observed
S-stars are all B–stars we consider only stars between
8 and 15 M (these are approximately minimum and
maximum masses of the eight S-stars studied by Habibi
et al. 2017).5 The mass ratio of the binary is taken to be
one for simplicity. We use two different distributions for
the internal binary eccentricity (circular and thermal).
As noted in § 2.1, binary disruptions will likely be in
the empty loss cone regime. In this regime, the peri-
center distribution of tidally disrupting single stars is
strongly peaked at the tidal radius. The binary case is
more complicated, as the disruption probability gradu-
ally increases as the pericenter decreases.
The top panel of Fig. 5 shows the probability for a
binary to disrupt as a function of its pericenter and
its internal eccentricity. For any combination of these
parameters, the outcome of a close encounter between
a binary and an SMBH is determined by the binary’s
phase. The disruption probability first becomes nonzero
between ∼ 2 and 3rt,o, where
rt,o ≡
(
M
mbin
)1/3
abin
= 2.8× 10−4
(
mbin
20M
)−1/3 ( abin
1 au
)
pc. (21)
The probabilistic nature of binary disruptions implies
that there would be a spread in the pericenters of dis-
rupting binaries even in the empty loss cone regime.
Here we do not attempt to model this distribution but
assume that all binaries are disrupted at an effective
tidal radius
rt ≡ χrt,o = χ
(
M
mbin
)1/3
abin. (22)
The prefactor χ is a function of the internal binary ec-
centricity. We define χ so that a binaries have a 50%
disruption probability at the effective tidal radius. The
bottom panel of Fig. 5 shows χ as a function of the
binary eccentricity.
4.1. Method
We solve for the positions of the stars using both the
parabolic Hills approximation (Sari et al. 2010) as well as
direct three-body integration with AR--Chain (Mikkola
5 Note that the Habibi et al. (2017) stars are among the bright-
est S-stars; the dimmest observed S-stars are ∼ 3M (Cai et al.
2018).
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Figure 5. Top panel: probability of binary disruption as
a function of the binary pericenter and internal eccentric-
ity. Binary disruption is probabilistic as it depends on the
phase of the binary. This calculation assumes the binary’s
center-of-mass orbit is parabolic. Bottom panel: effective
tidal radius as a function of binary eccentricity (see Equa-
tion 22 and the surrounding discussion).
& Merritt 2008). In both cases post-Newtonian effects
are neglected (Antonini et al. 2010 conclude that the
latter would be negligible except for the closest binaries).
The binary’s center of mass orbit is approximated as
parabolic unless otherwise noted.
The presented results in the main text are from
AR--Chain integrations. However, we find that the
Hills approximation is generally accurate, as discussed
in Appendix A.
5. RESULTS
5.1. Distributions of orbital elements
Taylor expanding the potential energy about the tidal
radius gives the spread in orbital energy across the bi-
nary when it is disrupted, viz.
∆E = k′
GMmbinabinq
r2t (1 + q)
2
, (23)
where q, mbin, and abin are the mass ratio of the sec-
ondary to the primary, total mass, and semimajor axis
of the binary and k′ is a factor of order unity (Hills 1988;
Yu & Tremaine 2003). After the disruption, one of the
stars is left on a bound orbit with energy
Es =
GMms
2as
, (24)
where ms is the mass of the star, and as is its post-
disruption semimajor axis. For a parabolic disruption,
Es = ∆E. Therefore,
as =
χ2
k′︸︷︷︸
1/k
ms
mbin
(1 + q)2
2q
(M/mbin)
2/3
abin
=
1
k
(M/mbin)
2/3
abin
≈ 0.016
(
mbin
20M
)−2/3 (abin
1 au
)
pc, (25)
where k ≈ 0.3−1 depends on the phase and eccentricity
of the binary. In the second line of Equation (25), we
assume the binary stars are equal in mass.
The bound star will have approximately the same peri-
center as the original binary orbit. Therefore, its eccen-
tricity is
es ≈ 1− χk
(
M
mbin
)−1/3
, (26)
where χk ≈ 1−2. Fig. 6 shows the postdisruption semi-
major axis and eccentricity distributions for the bound
stars in our ensemble of simulated binary–SMBH en-
counters. As expected, the bound stars are on highly
eccentric orbits (e ∼> 0.96) with semimajor axes between∼ 10−3 and 1 pc. For thermal eccentricity binaries, the
semimajor axis distribution of remnant stars inside the
inner edge of the disk (∼ 0.05 pc) is statistically consis-
tent with the semimajor axis distribution of S-stars in
this region.6The two distributions are not statistically
6 The KS (Anderson-Darling) test probability is 0.21 (>0.25).
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consistent in the case of circular binaries. However, this
can be fixed by taking a flatter binary semimajor axis
distribution (e.g. dNdabin ∝ a
−0.5
bin ).
The distributions in Fig. 6 extend significantly outside
of the inner edge of the clockwise disk. This is an arti-
fact. The distributions in Fig. 6 are constructed by sim-
ulating close encounters between binaries on parabolic
orbits and an SMBH. Parabolic orbits are an approxima-
tion, which breaks down when the energy of the center-
of-mass orbit is greater than the spread in energy across
the binary. In Fig. 6, the energy of the bound star is
equal to the spread in energy across the binary. Evi-
dently, the parabolic approximation is not self-consistent
when the bound star has a semimajor axis greater than
0.05 pc (the semimajor axis of the binary center of mass
in our simulations). When a realistic eccentricity for
the binary center of mass is included, the semimajor
axis distribution of the bound stars becomes less ex-
tended (as shown in Fig. 7). There is still a population
of stars at larger semimajor axes. These are stars that
get a positive energy kick during the encounters with
the SMBH, but remain bound. Their companion gets
a negative energy kick, ending up at smaller semimajor
axes. This results in a bifurcation in the semimajor axis
distribution.
As noted in Antonini & Merritt (2013), the Hills mech-
anism deposits stars on highly eccentric orbits and can-
not reproduce the observed thermal eccentricity distri-
bution of the S-stars. Sˇubr & Haas (2016) claimed that
binary disruption can result in a thermal eccentricity
distribution if the binary approaches the tidal radius
gradually. This would only be the case if the binary’s
center-of-mass orbit is not nearly parabolic.
Fig. 7 shows the postdisruption semimajor axis and
eccentricity distribution of bound stars for binaries that
approach the SMBH with realistic eccentricities. In-
terestingly, there is a tail of lower-eccentricity stars
at larger semimajor axes. Nonetheless, inside of a
few×10−2 pc, the eccentricity distribution is similar to
what we found with the parabolic approximation.
We conclude that an additional relaxation mechanism
is required to reproduce the observed eccentricity distri-
bution of the S-stars. In § 6 we investigate three different
possibilities.
5.2. Reproducing the number of S-stars
We now check whether the eccentric disk instability
could reproduce the observed number of S-stars. Fol-
lowing the logic of the Drake equation (Drake 1965), we
expect
Ns = Ndfd(1− fc) (27)
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Figure 6. Postdisruption semimajor axis and eccentric-
ity distribution for circular binaries (top) and thermal ec-
centricity binaries (bottom) from our Monte Carlo ensem-
ble of binary–SMBH encounters. In this case the binary’s
center-of-mass orbit is approximated to be parabolic. The
dashed, vertical lines show the range of eccentricities pre-
dicted analytically (see Equation 26). The histogram on the
right shows the observed distribution of S-star semimajor
axes from Gillessen et al. (2017); the eight S-stars that are
members of the clockwise disk are shown in red.
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Figure 7. Same as the bottom panel of Fig. 6, except
the binary’s center-of-mass is no longer approximated as
parabolic. Instead, each binary’s center-of-mass orbit has
an eccentricity e = 1− rt
ad
, where rt is the effective tidal ra-
dius (Equation 22) and ad = 0.05 pc is the inner edge of the
clockwise disk. Note that in this case both stars can remain
bound to the SMBH after a binary disruption.
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S-stars inside the inner edge of the clockwise disk. Here
Nd is the number of binaries in the disk, and fd is the
fraction of disk stars that have their pericenter pushed
below the binary tidal radius. Based on our eccentric
disk simulations fd . 0.2. fc is the fraction of binaries
that would collide instead of disrupting. Based on our
Monte Carlo simulations of binary–SMBH encounters,
fc ≈ 0.2.
We must also account for completeness effects. Dim,
low-mass S-stars around ∼ 1M are not currently ob-
servable. Based on the observed spectra and K-band
luminosities (Habibi et al. 2017; Cai et al. 2018), the
S-stars have masses between ∼3 and 15 M. We expect
fmfNs S-stars within this mass range. For the m
−1.7
disk mask function (Lu et al. 2013), fmf ≈ 0.33.7
The total mass of the clockwise disk is inferred to be
between ∼ 1.4 × 104M and 3.7 × 104M (Lu et al.
2013). This would imply between 2300 and 6200 stars
in the disk (or between 1100 and 3100 binaries for a
binary fraction of unity). For Nd = 1000, the number
of S-stars between 3 and 15 M would be ∼< 50. Thus,
the eccentric disk instability can reproduce the observed
number of S-stars.
6. REPRODUCING THE OBSERVED
ECCENTRICITY DISTRIBUTION OF THE
S-STARS
We have argued that if the S-stars are sourced by the
Hills mechanism, a relaxation process is needed to re-
produce their present-day eccentricity distribution. The
timescale over which this relaxation occurs is tightly
constrained by (i) the observed ages of the S-stars (∼ 10
Myr; Habibi et al. 2017), (ii) the age of the clockwise
disk (2.5 − 5.8 Myr; Lu et al. 2013), and (iii) the flight
time8 of the Koposov et al. (2020) hypervelocity star
from the Galactic center (4.8 Myr).
In this section, we consider three possible relaxation
mechanisms: (a) scalar resonant relaxation (b) secu-
lar torques from the clockwise disk and (c) an IMBH.
We find that the first and third mechanisms can repro-
duce the observed eccentricity distribution of the S-stars
within 107 years, as required by observations.
6.1. Resonant relaxation
7 Assuming that this mass function extends between 1 and
60M.
8 Spectroscopy indicates that the age of the hypervelocity star in
Koposov et al. (2020) is 10
7.72+0.25−0.33 years. Thus, although this star
was ejected from the Galactic center ∼5 Myr ago (approximately
when the clockwise disk was forming), it originated in an earlier
epoch. This may indicate that this star and its companion were
entrained into the clockwise disk after they formed.
Resonant relaxation occurs in potentials with a high
degree of symmetry, like a Keplerian potential. In a
nearly Keplerian potential, orbits will be fixed over
many periods. This leads to a coherent buildup of
torques on each orbit (Rauch & Tremaine 1996). These
torques can change either the direction or the magnitude
of an orbit’s angular momentum. The former is vector
resonant relaxation (VRR), and the latter is scalar reso-
nant relaxation (SRR). We focus on SRR, as VRR can-
not change an orbit’s eccentricity. However, VRR likely
plays an important role in the dynamics of the S-star
cluster, as it can change the orientations of the S-stars’
orbits within a few million years (Kocsis & Tremaine
2011).
The SRR time depends on the precession rate of the
stellar orbits. After orbits start to precess, the torques
no longer add coherently and the angular momentum
evolution becomes a random walk. Orbital precession
can be caused by general relativity or by the distributed
mass in the star cluster. When orbital precession is dom-
inated by the distributed mass, the SRR time is
trr ∝ M
m˜
P
m˜ ≡ m
2
m
(28)
where M is the mass of the SMBH, P is the orbital pe-
riod, and m is the stellar mass. Horizontal bars denote
averages (Rauch & Tremaine 1996; Alexander 2017).
Adding massive perturbers, like black holes, increases
m˜, and decreases the resonant relaxation time. Phys-
ically, a clumpier mass distribution increases the rms
torque on stellar orbits.
There have been a number of estimates of the SRR
time in the Galactic center. Notably, Antonini & Mer-
ritt (2013) derived the resonant relaxation time from
Monte Carlo simulations, concluding a population of
stellar mass black holes can reduce the resonant relax-
ation time near the present-day location of the S-stars to
∼ 107 years, roughly consistent with their observed ages
and the time since the hypervelocity star from Koposov
et al. (2020) was ejected from the Galactic center.
Here we revisit these estimates in light of new develop-
ments in the theory of resonant relaxation. In particular,
Bar-Or & Fouvry (2018) derived diffusion coefficients for
SRR in a spherical, isotropic cluster from first principles.
In their work, the stochastic perturbations of the stellar
background on a star are encapsulated as a sum of spher-
ical harmonic noise terms in its orbit-averaged Hamilto-
nian. The angular momentum diffusion coefficients are
related to the autocorrelation function of these terms.
Bar-Or & Fouvry (2018) found that SRR is strongly
quenched for rapidly precessing eccentric orbits by the
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Figure 8. Orbital precession timescale as a function of
semimajor axis for different models of the Galactic center.
The orbital eccentricity is 1/
√
2. The peak in the preces-
sion timescale is due to cancellation between prograde GR
precession (which dominates on small scales) and retrograde
precession due to the distributed mass in the Galactic center
(which dominates on large scales).
adiabatic invariance of the angular momentum, i.e. by
the divergence of the relativistic precession frequency as
orbits get more and more eccentric.
The isotropically averaged resonant relaxation time is
trr =
1∫ 1
jlc
2jDjj,RR(j)dj
, (29)
where j is the angular momentum, Djj,RR is the
(second-order) SRR diffusion coefficient, and the sub-
script “lc” denotes the loss cone (Bar-Or & Fouvry
2018). The angular momentum is normalized to that
of a circular orbit with the same energy. The angu-
lar momentum diffusion coefficient Djj,RR(j) can be
calculated with the publicly available software package
SCRRPY.9
In practice, the timescale for relaxation will depend on
the initial angular momentum distribution, as the reso-
nant relaxation diffusion coefficient is a strong function
of the angular momentum. Also, complete thermaliza-
tion of the S-star orbits may not be required. There are
only a few dozen S-stars, so distinguishing a thermal
9 We have generalized this code to include the effects
of mass spectrum. The original (modified) code is avail-
able at https://github.com/benbaror/scrrpy (https://github.
com/alekseygenerozov/scrr multimass).
distribution from one that is somewhat superthermal is
challenging.
We determine the timescale for scalar resonant relax-
ation to approximately reproduce the observed S-star
eccentricities by solving the angular momentum diffu-
sion equation, viz.
∂P (j, t)
∂t
=
1
2
∂
∂j
[
j(Djj,RR +Djj,NRR)
∂
∂j
[
P (j, t)
j
]]
,
(30)
where P (j, t) is the angular momentum distribution
function and j is the specific angular momentum, which
we generally normalize by the circular angular momen-
tum jc. Djj,NRR is the nonresonant diffusion coefficient
(which can be calculated using Appendix C of Bar-Or
& Alexander 2016).10 For the initial conditions, we use
the angular momentum distributions from our binary
disruption simulations. In particular, the initial distri-
bution function is a Gaussian centered at j/jc = 0.26
with a standard deviation of 2.4× 10−2. We consider a
few different diffusion coefficients corresponding to dif-
ferent models for the density of stars and remnants in
the Galactic center. First, we consider the Fiducial×10
model from Generozov et al. (2018). For technical rea-
sons, we use a power-law approximation11 for the den-
sity profile of each component in this model. In this
approximation, the mass in stars (m?) and black holes
(m•) within semimajor axis a is
m?(< a) ≈ 7.9× 103M
(
a
0.1 pc
)1.5
m•(< a) ≈ 3.8× 104M
(
a
0.1 pc
)1.2
. (31)
These profiles are accurate inside of∼0.1 pc where the S-
stars are located, but overestimate the number of black
holes at larger scales. However, this would not affect the
results, as the torque on a particular star is dominated
by orbits within a factor of two of its semimajor axis
(Gu¨rkan & Hopman 2007).
We also consider the stellar density profiles from An-
tonini & Merritt (2013) to more directly compare to this
work. They have 1M stars and 10M black holes with
10 This equation is exact for massless test particles and for
particles of any mass interacting with a thermal eccentricity bath.
In other cases, there are additional friction/polarization terms.
11 Some of the functions in SCRRPY assume power-law density
profiles.
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Figure 9. Left panels: resonant relaxation diffusion coefficient at a = 0.01 pc (solid black line) and 0.005 pc (dash-dotted
gray line) for different models of the Galactic center. The dashed red lines are the second-order nonresonant angular momentum
diffusion coefficient. For small angular momentum (inside the Schwarzschild barrier), the angular momentum diffusion coefficient
decreases sharply due to general relativistic precession. The vertical, blue lines show the mean angular momentum of bound
stars with semimajor axes less than or equal to 0.01 pc in the binary disruption simulations in Figure 7. Right panels: evolution
of an example angular momentum distribution function due to resonant and nonresonant relaxation for different Galactic center
density profiles. In each case we evolve the angular momentum distribution using Equation (29) with the appropriate diffusion
coefficients from the left panels. The dash–dotted lines in the top, right panel show the effects of excluding nonresonant
relaxation. The initial distribution function is a Gaussian centered on j/jc=0.26 (corresponding to an eccentricity of 0.97, the
mean eccentricity expected from binary disruptions). The angular momentum distribution evolves toward a thermal distribution
(red dashed line). Note the different snapshot times in the bottom right panel.
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the following profiles12:
m?(< a) ≈ 6.7× 104M
(
a
0.1 pc
)1.25
m•(< a) ≈ 2.4× 104M
(
a
0.1 pc
)
. (32)
Finally, we consider a simple one-component model with
only 1M stars from Bar-Or & Fouvry (2018)
m?(< a) ≈ 9.4× 104M
(
a
0.1 pc
)1.25
. (33)
The left panels of Fig. 9 show the second-order diffu-
sion coefficient in these models for a couple of different
semimajor axes. In all cases, the angular momentum
diffusion coefficient falls off inside of some critical angu-
lar momentum jcrit (this is the “Schwarzschild barrier”
from Merritt et al. 2011). Importantly, the location of
the Schwarzschild barrier is a function of semimajor axis
and the Galactic center density profile, so that binary
disruption can deposit stars either inside or outside of it,
with a drastic effect on the efficiency of angular momen-
tum diffusion. The variation in jcrit is due to differences
in the orbital precession rates. As shown by Bar-Or &
Fouvry (2018), jcrit is where the precession rate of or-
bits due to GR is equal to the coherence time for the
system (that is a representative timescale over which
orbits are fixed). Orbits that precess faster than the
coherence time will experience no secular torque. The
Schwarzschild barrier, jcrit, can be estimated from the
following equation
νgr(a, jcrit) =
0.45
Tc(a)
Tc ≡
√
pi
2
ν−1p (2a), (34)
where a is the semimajor axis, νgr(a, jcrit) is the orbital
precession frequency due to GR, and Tc is the coherence
time for resonant relaxation. For a spherical, isotropic
population the coherence time is the total orbital pre-
cession frequency νp evaluated at a semimajor axis of
2a, and an eccentricity of 1/
√
2. This precession rate de-
pends on the distributed mass profile within the Galactic
center. Figure 8 shows the precession rate as a function
of semimajor axis for the models considered here.
12 Note that Antonini & Merritt (2013) consider black holes
and stars separately. Also, the profiles in Antonini & Merritt
(2013) are functions of radius. For these isotropic profiles, the
mass enclosed within a given semimajor axis differs by ∼ 10%
from the mass enclosed within an equal radius (we neglect this
correction here).
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Figure 10. Isotropically averaged scalar resonant relaxation
time (Equation 29) as a function of semimajor axis. Different
colors correspond to different models for the stellar density
profile in the Galactic center (see the text for details). The
purple points are the measured ages of eight of the S-stars
from Habibi et al. (2017).
Inside of the Schwarzschild barrier, nonresonant re-
laxation can be more efficient than resonant relaxation,
as shown by the dashed red lines in the left panels of
Fig. 9.
The right panels of Fig. 9 show the evolution of the
“Hills injected distribution” at a semimajor axis of 0.01
pc for different Galactic center models (equations 31, 32,
and 33). The Fiducial×10 and Antonini & Merritt
(2013) models have similar isotropically average reso-
nant relaxation times at 0.01 pc (see Fig. 10). However,
the evolution is faster for the Antonini & Merritt (2013)
model, as binary disruptions deposit stars closer to the
Schwarzschild barrier.
We compare the evolving distribution functions in
Fig. 9 to the eccentricities of the 22 S-stars with semi-
major axes less than or equal to 0.03 pc from Table 3
of Gillessen et al. (2017). Specifically, we identify the
earliest time where (i) the Kolmogorov–Smirnov (KS)
test probability that the observed S-star eccentricities
are consistent with the simulated distribution is at least
10% and (ii) there is at least a five percent probabil-
ity that there are two or fewer stars with eccentricities
greater than equal to 0.95 as in the observed S-stars. Al-
though simulated distributions correspond to one fixed
semimajor axis, we always compare to the entire S-star
sample within 0.03 pc. Table 2 shows the timescales
required to satisfy these criteria for different Galactic
center density profiles. Fig. 11 shows a comparison be-
tween the observed S-star eccentricity distribution and
a snapshot from the solutions in Fig. 9. This snapshot is
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Table 2. Approximate Timescale Required to Reproduce the Observed S-star Eccentricities for Different Models of
the Galactic Center Compared to the Isotropically Averaged Resonant Relaxation Time (Equation 29).
a=0.005 pc a=0.01 pc
Timescale to reproduce S-stars trr Timescale to reproduce S-stars trr
Model (Myr) (Myr) (Myr) (Myr)
Fiducial×10 13 57 8 30
Antonini&Merritt 2013 7 22 6 40
Bar-Or&Fouvry 2018 41 110 24 170
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Figure 11. Eccentricity distribution at 0.01 pc in the
Antonini & Merritt (2013) model after 6 Myr of evolution
(blue line). This is the earliest snapshot for this model that
is consistent with the observed eccentricity distribution of
the S-stars (black, empty, histogram).
the earliest one in the Antonini & Merritt (2013) model
where the above statistical criteria are satisfied. Over-
all, resonant relaxation can reproduce the observed S-
star eccentricity distribution within ∼ 10 Myr assuming
a realistic population of stellar mass black holes.
6.2. Disk torques
In this section, we quantify secular torques from the
clockwise disk to see if they could thermalize the S-
star eccentricity distribution. First, we quantify the
expected torque analytically. The torque on a particle
well inside of the disk may be estimated via spherical
harmonic expansion, as shown below.
First, we replace the disk with a single particle of
mass Md on an elliptical orbit around the central SMBH.
The spherical harmonic expansion of this orbit’s gravi-
tational potential at a point r with spherical polar co-
ordinates < r, θ, φ > is
U`m = −GMd
∞∑
`=0
∑`
m=−`
W`mr
`Y m` (θ, φ)
exp[−imΦ]
D`+1
,
(35)
where Φ is the true anomaly of the particle, D is its
distance from the center, and Y m` is the spherical har-
monic of degree `, m (see, e.g., equation 3 of Fuller &
Lai 2011). Here W`m is a constant and is nonzero only
if `+m is even. The physical potential is the real part
of the above expression.
The orbit-averaged `,m component of the potential is
〈U`m〉 =
∫ 2pi
0
U`m(D,Φ)
dΦ
Φ˙
Porb
, (36)
where Porb is the orbital period and
D =
ad(1− e2d)
1 + ed cos(Φ)
(37)
Φ˙ =
jd
D2
, (38)
where ad, ed, jd are the semimajor axis, eccentricity,
and the specific angular momentum of the disk orbit
respectively (jd = Constant×
√
ad(1− e2d) ).
The ` = 0 term does not depend on r, and therefore
does not contribute any force. The orbit–average of the
` = 1 and the ` = 2,m = ±2 terms is 0.
The orbit average of the ` = 2,m = 0 component
is nonzero, but the corresponding force is radial in the
plane of the orbit and would exert no torque. The
leading-order contribution to the torque comes from the
`,m = 3,±1 terms of the potential expansion. In the
plane of the orbit (where θ = pi/2), the φ component of
the specific force from these terms is
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< f3,1 >=
3
8
GMd sin(φ)
edr
2
a4d(1− e2d)5/2
(39)
The corresponding specific torque is
< τ3,1 >=
3
8
GMd
ad︸ ︷︷ ︸
τd
sin(φ)
ed
(1− e2d)5/2
r3
a3d
(40)
Thus, the torques fall off as r3 within the inner edge of
the disk. The torque on a test orbit at an angle ω with
respect to the disk is
<< τ3,1 >>= f(e
′)τd
ed
(1− e2d)5/2
(
a′
ad
)3
sin(ω), (41)
where the a′ and e′ are the semimajor axis and eccen-
tricity of the test orbit. The double brackets on the left
side of the above equation denote averages over the disk
and test orbits. If the test star was injected via the Hills
mechanism, e′ ∼ 0.97 and f(e′) = 1.6.
For the S-stars a′/ad ≈ 0.2, and << τ3,1 >>≈ 4.7 ×
10−2τd for ed = 0.7. Here τd is the characteristic torque
at the inner edge of the disk. If the S-star and disk
orbits remained static, even this attenuated torque could
perturb the S-stars’ eccentricities significantly over their
lifetime. For a star with a semimajor axis of 0.01 pc
and an eccentricity of 0.97, the characteristic time–scale
to perturb its angular momentum is j/ << τ3,1 >>≈
8× 104 years.
However, the torques from the disk would be further
attenuated by precession of the disk and S-star orbits.
The top panel of Fig. 12 shows the specific torque on an
e′ = 0.97, a′ = 0.01 pc test orbit inside of an idealized,
non–precessing eccentric disk with ed = 0.7, ad = 0.05
pc, and a total mass of 104M. Here GR causes the
highly eccentric test orbit to precess 2pi radians over
4.7×104 years. In principle, the test orbit’s eccentricity
(and precession rate) are allowed to change. In practice,
the torque frequently reverses in sign, so the test orbit’s
eccentricity is nearly constant, as shown in the bottom
panel of Fig. 12.
The eccentric disk will also evolve over time. We in-
clude this effect by directly injecting remnant stars after
binary disruptions in N-body simulations of an eccen-
tric disk (see § 2 for a description of the basic simula-
tion setup). Specifically, whenever a particle crosses the
tidal radius13 in a simulation it is replaced with a child
13 For all particles in the simulation, 3 × 10−4 pc (see Equa-
tion 21).
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Figure 12. Top panel: torque from an idealized eccentric
disk on a test orbit with a semimajor axis of 0.01 pc and
an initial eccentricity 0.97 as a function of time (see text for
details). The torque is normalized by τd =
Gmd
ad
, where ad
and md are the characteristic semimajor axis and the mass of
the disk, respectively. The semimajor axis of this test orbit
is five times smaller than the inner edge of the disk. The test
orbit experiences general relativistic precession, so that the
torque rapidly changes sign, and the eccentricity oscillates as
shown in the bottom panel.
particle with a semimajor axis of a′ = 0.01 pc, and an
eccentricity of e′ = 1 − rp/a′. All of the other orbital
elements are inherited from the parent. For computa-
tional convenience, the child particles are taken to be
massless.
The curves in Fig. 13 show the postdisruption evo-
lution of the injected particles’ eccentricities compiled
from several simulations. The injected stars retain ec-
centricities greater than 0.96 over 5 Myr.
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Figure 13. Eccentricity evolution of a set of test particles
injected into N-body simulations of an eccentric disk (see
Fig. 1). These particles are injected after binary disruptions
in the simulations and start with an eccentricity of ∼ 0.97
and a semimajor axis of 0.01 pc, which is five times smaller
than the inner edge of the disk. Note that these data are
compiled from multiple simulations.
6.3. Effect of IMBHs
In this section, we demonstrate that an ∼ 103M
IMBH with a semimajor axis of ∼0.01 pc could ther-
malize the eccentricity distribution of stars deposited
via the Hills mechanism. Such IMBHs may originate
from globular clusters. In particular, IMBHs may form
from runaway black hole mergers in very dense globular
clusters (Antonini et al. 2019) or other types of colli-
sional runaways (Ebisuzaki et al. 2001; Portegies Zwart
& McMillan 2002; Gu¨rkan et al. 2004; Freitag et al. 2006;
Goswami et al. 2012). Fragione et al. (2018a,b) stud-
ied the evolution of globular clusters with a primordial
IMBH. In the Milky Way, most such IMBHs would be
orphaned from their parent cluster (either by gravita-
tional wave recoil kicks or tidal dissolution of the sur-
rounding cluster), leaving a population of ∼ 1000 bare
IMBHs within the central kpc of the Galaxy. These
IMBHs may then inspiral toward the Galactic center via
dynamical friction. Past work has shown that IMBHs
would stall at ∼ 0.01(q/10−3) pc from the Galactic cen-
ter (where q is the mass ratio between the IMBH and
the central SMBH; see Merritt et al. 2009 and the ref-
erences therein). As the IMBH is closer to the S-stars
than the clockwise disk, it is more effective at changing
their eccentricity distribution.
We now review existing observational and theoretical
constraints on the presence of an IMBH in the Galactic
center. Proper-motion studies of Sgr A* can rule out
an IMBH with mass ∼> 104M 0.01 pc from the Galac-
tic center (Reid & Brunthaler 2020). Additionally, an
IMBH of 103M inside of 1.3 × 10−4 pc would inspi-
ral into the central SMBH in less than 10 Myr due to
gravitational wave emission (e.g. Gualandris & Merritt
2009).
Recently, Naoz et al. (2020) used observations of S2 to
place stringent constraints on the presence of an IMBH
in the Galactic Center. They found that a 105M
IMBH cannot have a semimajor axis greater than 170
au (8.2 × 10−4 pc). For a 103M they found the max-
imum semimajor axis from observational constraints is
∼ 1000 au (5× 10−3 pc).
However, an IMBH at 0.01 pc is no longer inside
of the orbit of S2, as assumed in Naoz et al. (2020).
Also, in this case the IMBH-SMBH-S2 system is not
longer strongly hierarchical. Therefore, we perform di-
rect three-body integrations with REBOUND (with the
“GR” effect included) to see what effect an 103M
IMBH at 0.01 pc would have on the orientation of S2’s
orbit. We find that that orbital precession rate is ≈ 0.01
degrees per year in the case, which is consistent with ex-
isting observational limits (note this is also the preces-
sion rate expected from GR effects alone). We also find
a 105M IMBH at 170 au would cause S2 to precess by
a few tenths of a degree per year and can be ruled out
from observations (as expected from Naoz et al. 2020).
As we were completing revisions to this paper, the
GRAVITY collaboration reported a detection of apsi-
dal precession in S2’s orbit. The detected precession is
consistent with that expected from GR alone (Gravity
Collaboration et al. 2020). Combining the the latest
constraints on S2’s orbit with N-body simulations of an
IMBH interacting with the S-star cluster (Gualandris
et al. 2010), they find IMBH masses ∼> 103M are ruled
out at 0.01 pc.
We perform N-body simulations with AR--Chain of
20 ten solar mass stars interacting with an IMBH. Mer-
ritt et al. (2009) and Gualandris & Merritt (2009) per-
formed similar calculations. However, in our simula-
tions, the stars are initially on highly eccentric orbits
with e ≈ 0.97, as expected from the Hills mechanism.
More precisely, we draw the stars’ semimajor axis (a)
and eccentricity from a distribution similar to that in
Fig. 6, with the restriction 0.005 pc ≤ a ≤ 0.03 pc. The
stars are all initially in a plane with a randomized ori-
entation and mean anomaly. We consider four different
IMBH masses (MIMBH) between 3×102M and 104M,
five different inclinations (iimbh) evenly spaced between
5.7◦ and 174.3◦, and two eccentricities (0, 0.7). We per-
form four different ∼ 10 Myr simulations for each set of
IMBH parameters. Post-Newtonian effects are included
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Table 3. IMBH Parameters for the Simulations in This Section.
MIMBH 3× 102, 103, 3× 103, 104M
iIMBH 5.7, 48, 90, 132, 174
◦
eIMBH 0, 0.7
Note—The semimajor axis is fixed to 0.01 pc for simplicity.
for the black holes in these simulations up to a PN or-
der of 2.5. The IMBH parameters in our simulations are
summarized in Table 3.
To identify IMBH parameters that would reproduce
the observations, we find snapshots where the following
criteria are met.
1. At least half of the simulated S-stars remain within
0.03 pc.
2. The KS and Anderson–Darling test probabilities
that the simulated and observed S-star eccentricity
distributions are consistent is at least 10%.
3. There are no more than two stars with eccentricity
greater than 0.95, as in the observed population.
For this and the preceding condition, we only con-
sider stars with semimajor axes within 0.03 pc
4. The preceding criteria are met at least 5% of the
time after 4 Myr.
The last condition is motivated by the best-fit age of
the clockwise disk from Lu et al. (2013), and the (4.8
Myr) flight time of the Koposov et al. (2020) hyperve-
locity star. (In the eccentric disk scenario, most binary
disruptions occur within ∼ 1 Myr of disk formation; see
Fig. 3). The most massive IMBHs in our grid (3×103M
and 104M) violate the first condition after 4 Myr, but
3 × 103M IMBHs can be effective on shorter time–
scales.
Table 4 summarizes the IMBH parameters for which
at least one of the four simulations we ran satisfies the
above conditions. For circular IMBHs, only simulations
with MIMBH = 10
3M and iimbh = 5.7◦ or iimbh = 48◦
satisfy all of the above criteria. A 103M IMBH with an
eccentricity of 0.7 satisfies the criteria for all inclinations
in our grid except for 48◦. Finally, one simulation with
an eccentric 300M IMBH at an inclination of 5.7◦ satis-
fies these conditions. As shown in the last two columns,
these IMBHs can generally thermalize the S-stars’ ec-
centricity distribution over a few Myr, as required by
observations.
The blue filled histograms in Fig. 14, show the ec-
centricity, semimajor axis, and inclination distributions
Table 4. IMBH Parameters that Can Reproduce the
Observed S-star Eccentricity Distribution, According
to the Criteria Above.
MIMBH iIMBH eIMBH tmin tmax Mergers
(M) (deg) (Myr) (Myr)
3× 102 5.7 0.7 6.1 10 0
103 5.7 0 3.5 8.5 2
103 48 0 7.3 9.4 1
103 5.7 0.7 4.3 9.9 0
103 90 0.7 2.4 9.8 2
103 132 0.7 2.3 10 0
103 174 0.7 1.8 9.9 1–4
Note—The fourth and fifth columns are the minimum
and maximum times for which the first three criteria
are satisfied. The last column shows the number of
mergers (with respect to the SMBH) recorded in the
simulation.
from an example simulation snapshot where the above
conditions are satisfied. The black open histograms in
this figure show the distribution of the S-stars with semi-
major axes inside of 0.03 pc. As shown in Fig. 15, the
eccentricity distribution from this simulation is statisti-
cally consistent with observations for a range of times.
Note that the distributions in Fig. 14 only include stars
with semimajor axes inside of 0.03 pc. Some stars in our
simulations are kicked to larger semimajor axes. How-
ever, interactions with the clockwise disk (which are not
included in these simulations), would be important for
these stars.
In this case the IMBH also isotropizes the S-star or-
bits, so that their inclination distribution is consistent
with observations. In general, the IMBHs in Table 4 can
isotropize the S-star orbits, except for the those with the
lowest inclinations (i = 5.7◦). However, as discussed in
§ 6, vector resonant relaxation can also isotropize the
S-star orbits.
Finally, zero to two stars are unbound from the
SMBH in these simulations. Also, a few “mergers”
were recorded between stars and the central SMBH as
summarized in the last column of Table 4.14
7. DISCUSSION
7.1. Stellar collisions
14 In these simulations, mergers occur when stars pass within
four Schwarzschild radii of the central black hole; that is, the
default merger criterion in AR--Chain. In fact, the cross section for
stellar disruption is approximately an order of magnitude larger.
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Figure 14. Snapshot of orbital element distributions from an N-body simulation of 10 M stars interacting with an IMBH
with the parameters in the top panel (blue filled histogram). The stars all have an initial eccentricity ∼>0.96. The observed
eccentricity distribution of the S-stars from Gillessen et al. (2017) is shown by the black open histogram. The panels show
eccentricity (top left), semimajor axis (top right), and inclination (bottom). pKS and pAD are the two-sample KS and and
Anderson–Darling test p-values that the simulated and observed eccentricity distributions are consistent. Note that for this
plot, we exclude stars with semimajor axes greater than 0.03 pc.
Approximately 20% percent of our simulated binary–
SMBH encounters result in collisions between stars
rather than tidal separation of the binary. Table 5
shows the fraction of encounters that result in colli-
sions for different binary eccentricity distributions. We
consider stars to have collided if they enter into Roche
lobe contact during the encounter with the SMBH (see
Equation 10).
The above statistics are based on one simulated en-
counter with the central SMBH per binary. However,
if binaries are in the empty loss cone, they would ap-
proach the tidal radius gradually over several orbits (see
§ 2.1). In this process, the binary could be excited to
high eccentricities so that the stars collide before the bi-
nary is disrupted (Antonini et al. 2010; Bradnick et al.
2017). This would increase the ratio of collisions to dis-
ruptions. However, Antonini et al. (2010) find that most
additional collisions would come from highly inclined bi-
naries due to Kozai–Lidov resonances. Therefore, this
effect would not be present in our assumed coplanar con-
figuration.
The ultimate fate of binaries that do collide depends
on the collision velocity. If this is smaller than the stellar
escape speed, a merger will result. For faster collisions,
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Figure 15. KS (black solid) and Anderson–Darling (AD)
(blue dashed) probabilities that the eccentricities from the
simulation in Fig. 14 are consistent with the observed S-star
eccentricities as a function of time. Note that implementa-
tion we use for the latter (“anderson ksamp” in scipy.stats)
caps the probability at 0.25.
tidal separation of the binary can still occur (Ginsburg
& Loeb 2007). Binaries that do merge may account for
G2-like objects (Witzel et al. 2014).
7.2. Hypervelocity stars
Many binary disruptions would result in a hyperve-
locity star ejected from the Galactic center. The dis-
tribution of semimajor axes in Fig. 6 can be directly
translated into a distribution of ejection velocities for
such stars. For a given S-star semimajor axis as, the
ejection velocity of the corresponding hypervelocity star
is
vej =
√
GMms
asmej
, (42)
where M is the SMBH mass, and we have assumed the
initial center-of-mass orbit of the binary was parabolic.
Fig. 16 shows the velocity distribution of ejected stars
from binaries with a thermal eccentricity distribution
(that is the model that best reproduces the observed S-
star semimajor axis distribution). For comparison, we
also show the velocity of the hypervelocity star detected
by Koposov et al. (2020). This star is in the 92nd per-
centile of the velocity distribution. If we instead use the
distribution in Fig. 7, where the binaries’ center of mass
has a more realistic eccentricity, this star moves to the
86th percentile of the velocity distribution. In this case
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Figure 16. Cumulative velocity distribution for ejected
stars in our Monte Carlo ensemble of binary–SMBH encoun-
ters (for binaries drawn from a thermal eccentricity distri-
bution). The purple star shows the ejection velocity for the
recently discovered hypervelocity star originating from the
Galactic Center (Koposov et al. 2020).
the ejected velocity is
vej =
√
−GMmbin
mejad
+
GMms
asmej
, (43)
ad ≈ 0.05 pc is the initial semimajor axis of the binary’s
center-of-mass orbit.
Finally, for the ensemble of circular binary disruptions
(see the top panel of Fig. 6), the Koposov star would be
in the 67th percentile of the velocity distribution.
7.3. Masses of the S-stars
We have proposed here that the S-stars originally
come from the clockwise disk. However, the clockwise
disk has O-stars, while the S-stars are all B stars with
masses ∼< 15M (Habibi et al. 2017).
The simplest explanation would be a sampling effect:
there are relatively few S-stars, and by chance no O-star
binaries were disrupted. The chances that a random disk
star has a mass below ∼ 15M is
p =
∫ 15M
1M
m−1.7dm∫ 60M
1M
m−1.7dm
, (44)
where we assume that the stars are drawn from the ob-
served mass function in Lu et al. (2013), and that this
mass function extends from 1 M to the main-sequence
turnoff at the age of the disk (∼ 4 Myr). There are 22
S-stars inside of 0.03 pc. The chances that they would
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Table 5. Fraction of Monte Carlo Binary–SMBH Simulations Resulting in Binary Disruptions (Column 1), Collisions (Column
2), and the Ratio of Collisions to Disruptions (Column 3).
Eccentricity Percent of Trials Resulting in Disruptions Percent of Trials Resulting in Collisions Collisions/Disruptions
Circular 50 20 0.40
Thermal 49 16 0.33
all be below 15 M is p22 ≈ 10%, which suggests sam-
pling effects could be a plausible explanation for the
mass discrepancy between the S-stars and the clockwise
disk. However, the observed S-stars do not include any
stars with masses of ∼ 1M, which are too dim to de-
tect. The dimmest S-star in Table 3 of Gillessen et al.
(2017) has a K-band magnitude of 17.8, which suggests a
stellar mass of ∼ 3M according to Table 1 of Cai et al.
(2018). Assuming only stars with masses ∼> 3M could
be observed, a total of ∼50 disruptions are required to
produce the observed S-stars, and the probability that
none of these disruptions include O stars is ∼ 0.5%.
However, the Hills mechanism has a built-in bias, and
deposits massive stars at larger semimajor axes. From
Equation (25), after the disruption, the bound star has
a semimajor axis of
as =
χ2
k′
ms
mbin
(1 + q)2
2q
(
M
mbin
)2/3
abin =
1
k
1+q
2q
(
M
mbin
)2/3
abin if primary
1
k
1+q
2
(
M
mbin
)2/3
abin if secondary.
(45)
The semimajor axis of the bound star is a factor of 1/q
larger if it is the primary. (Note that in the limit of
parabolic disruptions the primary and secondary have
an equal probability to be left bound to the SMBH; see
Sari et al. 2010; Kobayashi et al. 2012.) This effect could
explain the dearth of O-stars among the S-stars. We
leave a detailed exploration to future work.
8. CONCLUSION
Recent observations suggest a common origin for the
S-star cluster and the clockwise disk in the Galactic cen-
ter. In particular, recent spectral observations suggest
that these two populations have consistent ages (Habibi
et al. 2017). Additionally, Koposov et al. (2020) dis-
covered a hypervelocity star that was ejected from the
Galactic center 4.8 Myr ago (approximately when the
clockwise disk was forming). This strongly suggests that
stellar binaries from the clockwise disk were tidally dis-
rupted by the central SMBH early in its history, which
would leave a compact cluster of stars inside of the
disk (like the S-stars). Disk binaries can be pushed to
tidal disruption via a gravitational instability in the disk
(Madigan et al. 2009). We perform a detailed study of
this scenario. Our results are summarized as follows.
1. We quantify the plausible range of semimajor axes
of binary stars in the clockwise disk (see Fig. 4).
We find that the evaporation of such binaries is
dominated by other disk stars, rather than the
isotropic star cluster in the Galactic center.
2. We simulate a large number of encounters between
disk binaries and the central SMBH. Tidal disrup-
tion of binary stars can reproduce the present-day
semimajor axis distribution of the S-stars.
3. The eccentricity distribution of the S-stars is more
difficult to reproduce. If these stars are injected
via tidal disruption of binaries, they would start
with a large eccentricity (e ∼ 0.97). In contrast,
the S-stars have a roughly thermal eccentricity dis-
tribution.
4. We have considered three possible mechanisms to
thermalize the S-star eccentricity: (a) scalar reso-
nant relaxation (b) torques from the parent clock-
wise disk, and (c) an IMBH. The flight time of
the hypervelocity star discovered by Koposov et al.
(2020) and the observed ages of the S-stars require
that the S-stars reach their current distribution in
∼< 107 years. This is a challenge, as highly ec-
centric orbits experience rapid general relativistic
precession, which suppresses secular torques. We
find that torques from the clockwise disk are un-
likely to be effective on this timescale. However,
scalar resonant relaxation by the isotropic cluster
can reproduce the observed eccentricity distribu-
tion of S-stars within 107 years. Also, a ∼ 103M
IMBH at ∼ 0.01 pc, could reproduce the S-star ec-
centricity distribution within a few million years.
However, such IMBHs are, at best, marginally con-
sistent with the latest observational limits (Grav-
ity Collaboration et al. 2020).
5. After a binary is tidally disrupted, the primary
and secondary have equal chances to remain bound
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to the SMBH (for parabolic disruptions). How-
ever, the primary is deposited at larger semimajor
axes, which could explain the dearth of O stars
among the S-stars.
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APPENDIX
A. HILLS APPROXIMATION
In the Hills approximation the time derivative of the binary separation is (Sari et al. 2010)
r˙ =
(
rp
rm
)3
[−r+ 3(r · rˆm)rˆm]− r
r3
, (A1)
where rm is the unperturbed center-of-mass orbit and rp is the pericenter distance. All distances and times are in
units of
(
mbin
M
)1/3
rp and
√
r3p/GM , respectively. Solving the above equation gives the separation of the binary stars
as a function of time. We can then use this separation to solve the positions of the individual stars. We call this
second step the “Iterated Hills Approximation.”
The postdisruption orbital elements from the Hills approximation are in good agreement with the results from
three-body integrations. For deeply penetrating disruptions (rp  rt) the separations from these two methods diverge
when the binary is near pericenter as shown in Fig. 17. However, the two solutions converge again at late times.
The positions of the individual stars from the “Iterated Hills Approximation” give a revised estimate for the binary
separation. This revised estimate always always falls within .1% of the AR--Chain solution in Fig. 17.
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